A culture-independent molecular phylogenetic survey was carried out for a bacterial and archaeal community of a mineralized crust coating a sulphide spire, which was collected from the Edmond vent field (23 ° S, 69 ° E, 3300 m depth) on the Central Indian Ridge. Small-subunit rRNA genes (16S rDNA) were amplified from environmental DNA by PCR utilizing Bacteria-specific, and Archaea-specific 16S rDNA primers. PCR products were cloned and 26 bacterial and nine archaeal unique sequence types (phylotypes) were identified from 150 clones analysed by restriction fragment length polymorphism, representing eight and four distinct lineages, respectively. The majority (>90%) of the bacterial phylotypes group with the ε -Proteobacteria and confirms the global prevalence of ε -Proteobacteria in deep-sea hydrothermal environments. Among the ε -Proteobacteria, >40% of the phylotypes were closely related to the recently isolated deep-sea vent thermophilic chemolithoautotrophic sulphur-reducer, Nautilia lithotrophica . A single bacterial sequence was nearly identical (99% similarity) to the thermophilic hydrogen-oxidizing Hydrogenobacter thermolithotrophum , and is the first report of Hydrogenobacter at deep-sea hydrothermal vents. A majority (97%) of the archaeal phylotypes grouped with the 'Deep-sea Hydrothermal Vent Euryarchaeotal Group', a phylogenetic lineage of uncultured Archaea that have only been reported from other deep-sea hydrothermal vents on the Mid-Atlantic Ridge, East Pacific Rise, Juan de Fuca Ridge, Isu-Ogasawara Arc, Okinawa Trough and the Manus Basin. A single sequence was closely related to the hyperthermophilic sulphur-reducing Thermococcales frequently found in diverse deep-sea vent environments. Scanning electron micrographs of the mineralized crust reveal abundant filamentous, rod and coccoidal forms encased in sulphur and sulphide mineral precipitate, suggesting that the thermophilic chemolithoautorophs and sulphide-producing heterotrophs may influence the architecture and sulphur cycling of the sulphide spire.
INTRODUCTION
Seafloor hydrothermal systems venting high-temperature ( > 380 ° C) metal-rich fluids support some of the most prolific and diverse ecosystems on Earth at seemingly inhospitable conditions. Vent ecosystems are unique in that the primary producers are chemolithoautotrophic micro-organisms that utilize a wide range of available redox couples for energy at the interface between oxidized seawater and reduced hydrothermal vent fluids (Reysenbach et al ., 2000a; Luther et al ., 2001) . It is hypothesized that chemolithoautotrophs in subsurface regions and surface expressions of hydrothermal systems have the potential to influence and perhaps control fluid chemistry and element cycling by the catalysis of aqueous and geochemical reactions (Taylor & Wirsen, 1997; Taylor et al ., 1999) .
Recently, a molecular phylogenetic approach using 16S rRNA gene sequences has successfully been applied to examine the bacterial and archaeal diversity of different deep-sea hydrothermal environments (Haddad et al ., 1995; Moyer et al ., 1995; Polz & Cavanaugh, 1995; Cary et al ., 1997; Takai & Horikoshi, 1999; Reysenbach et al ., 2000b; Corre et al ., 2001; Longnecker & Reysenbach, 2001; Takai et al ., 2001; Alain et al ., 2002a; Huber et al ., 2002; Lopez-Garcia et al ., 2002; Teske et al ., 2002) . Most of this research has focused on the actively venting sulphide structures, and suggests that the diversity of thermophiles may be coupled to the geochemical and temperature gradients across chimney walls (Tivey & McDuff, 1990; Tivey et al ., 1995; McCollom & Shock, 1997; Luther et al ., 2001) .
In this study we report on the characterization of the microbial diversity of a sulphide spire from the recently discovered Edmond vent field on the Central Indian Ridge (Van Dover et al ., 2001) . This is the first characterization of microbial diversity from Central Indian Ridge hydrothermal environments and like that of macrobiological hydrothermal vent diversity, prior to this study, the Indian Ocean represented a gap in our understanding of the patterns of microbial diversity at deep-sea vents. Furthermore, hydrothermal venting at the Edmond field has been active over long periods of time and is characterized by a wide range of venting styles (Van Dover et al ., 2001) , which provides varied microhabitats for thermophilic microbial activity. These features can be used to determine if variables such as the mineralogy of vent deposits, age of venting and vent fluid temperature affect the microbial community structure. Our results support emerging views that the ε -Proteobacteria represent the dominant clones among the Bacteria and that the Deep-sea Hydrothermal Vent Euryarchaeotic Group (DHVEG) is endemic and widespread among deep-sea hydrothermal vents.
METHODS

Sample collection and storage
In April 2001, an interdisciplinary investigation team explored the hydrothermal systems along the southern edge of the Central Indian Ridge. We revisited the Kairei vent field (25 ° 19.23 ′ S, 70 ° 02.42 ′ E, about 2400 m depth), which was first discovered by Japanese scientists in August 2000 (Gamo et al ., 2001) , and discovered a new vent field, the Edmond vent field (23 ° 52.68 ′ S, 69 ° 35.80 ′ E, about 3300 m depth) about 160 km NNW of Kairei (Fig. 1) . Active sulphides were collected by the ROV-Jason . One sample in particular was chosen for detailed analysis. This small (0.5 m) sulphide spire designated 'Fuzzy Toothpick' (sample 301-11) was collected from the Edmond vent field at a depth of 3290 m. A white mineral deposit completely covered one side of the small spire (Fig. 2 ). Samples were processed shipboard and stored at − 80 ° C. The sulphide spire was subsectioned, with intact pieces stored in ethanol (70% v/v) at − 80 ° C. A layer ( ∼ 2 mm thick) of the deposit was removed from selected subsections and used for enrichment culturing and DNA extraction.
DNA extraction, amplification, cloning and restriction fragment length polymorphism (RFLP) analysis DNA was extracted shipboard from a 1.0-mL aliquot of sample using a standard soil extraction kit following the manufacturer's protocol (Mo Bio Laboratories Inc., Solana Beach, CA, USA). Extracted DNA was stored in 50 µ L of 10 m M Tris buffer and stored at − 20 ° C.
16S rRNA genes were amplified by PCR from environmental DNA and PCR products were cloned and analysed according to the methods of Longnecker (2001) . DNA was extracted from additional subsamples and from other sulphides and sediments collected at Edmond vent field. The 16S rDNA of these samples was amplified using denaturing gradient gel electrophoresis (DGGE) primers (Longnecker, 2001 ) to confirm results obtained from the clone libraries and to determine if similar diversity was observed with other samples collected during this research cruise.
Sequencing and phylogenetic analyses
Bacterial and archaeal clones showing unique RFLP patterns were sequenced using the ABI PRISM Big Dye Terminator Cycle Sequencing Kit and an ABI 310 Genetic Analyser according to the manufacturer's protocol (Applied Biosystems Inc., Foster City, CA, USA). The complete sequence of both strands was obtained using a suite of 16S rDNAspecific primers to generate an overlapping set of sequences that were assembled into one contiguous sequence using AutoAssembler (Applied Biosystems Inc.). The following primers were used for sequencing:
. Secondary structures were used to confirm the fidelity of the assembled sequences and additional checks for chimeras were done as described by Longnecker et al . (2001) . Closely related sequences were identified by sequence similarity using BLAST. Sequences were manually aligned according to secondary structure to related 16S rRNA gene sequences that were obtained from GenBank, using ARB (Ludwig & Strunk, 1996) . Approximately 1350 of 1500 homologous nucleotides were used to determine phylogenetic relationships using maximum likelihood analysis and fastDNAml (Olsen et al ., 1994) . The maximum likelihood bootstrap analyses consisted of 100 pseudoreplicates. Maximum likelihood trees were constructed using fastDNAml.
RESULTS AND DISCUSSION
The Edmond vent field is located on the Central Indian Ridge at the northern end of segment S3 on the eastern rift valley wall ∼ 6 km from the adjacent rift axis. It covers an area of about 100 m by 90 m and is constructed on a small protrusion that extends south from the eastern rift wall and forms the northeast corner of a ∼ 60-m-deep basin. High-and low-temperature venting is roughly centred at 23 ° 52.68 ′ S, 69 ° 35.80 ′ W within a narrow depth range between ∼ 3290 and 3320 m. The Edmond vent field is dominated by old disaggregated sulphide structures and massive sulphide talus, indicating that hydrothermal activity has been focused at this site over long periods of time (Van Dover et al ., 2001 ). High-temperature venting occurs as clusters of large (up to 20 m in height and 2 m in diameter) multipleorifice black smoker chimneys, similar to the black smoker complex at the TAG hydrothermal field (Fouquet et al ., 1993) . Within and between the clusters, smaller (up to 5 m in height), branched candelabra-like structures vent black smoker fluids at lower flow rates. 'Beehive' structures, similar to those described from the Snake Pit hydrothermal field on the MidAtlantic Ridge (Fouquet et al ., 1993) , are common at Edmond. They are grey, very porous, bulbous structures, with clear fluid diffusing from the surfaces. Occasionally, black fluids diffuse from the upper portions of the beehives. Widespread areas of diffuse flow characterize the Edmond vent field. Fe-oxyhydroxide sediments are abundant, reaching several centimetres in thickness in depressions, and coating many of the sulphide structures and much of the talus (Van Dover et al ., 2001 ). White and black crusts were frequently observed on sulphide structures.
The sulphide studied in depth in this report was located in an area of diffuse hydrothermal fluid flow where maximum temperatures of 70 ° C were recorded in close proximity to the spire. A white crust ( ∼ 2 mm thick) completely covered one side of the sulphide spire (Fig. 2) . Preliminary X-ray diffraction (XRD) analyses of the mineralized crust indicate that it is dominated by elemental sulphur mixed with halite, sphalerite and minor amounts of barite (S. Humphris and M. K. Tivey, personal communication) . A closer examination of the white deposit using DAPI-stained smears and scanning electron microscopy (SEM) revealed that the deposit is a biofilm-like crust containing filamentous (Fig. 2C ), rod and coccoidal forms encased in mineral precipitate. Phylogenetic analyses of 16S rRNA genes amplified from environmental DNA extracted from the crust indicate the presence of both bacterial and archaeal DNA. RFLP analysis of 150 clones from separate bacterial and archaeal clone libraries revealed unique bacterial ( n = 26) and archaeal ( n = 9) 16S rDNA phylotypes. These were found to represent eight distinct bacterial and four distinct archaeal lineages (Table 1) . Although the number of each unique sequence type is not indicative of its abundance in the environment and does not necessarily represent an exhaustive assessment of the diversity, collectors curves using all clones suggested that we had sampled a representation of environmental microbial variability in the mineral crust covering the sulphide. Fluorescent in situ hybridization (FISH) using bacterial-specific probes indicated that bacteria represented about 60% of the microbial diversity on the sulphide spire (data not shown). The prevalence of bacterial diversity on the surfaces of actively venting sulphide structures is supported by other studies using different molecular phylogenetic techniques (FISH, T-RFLP, quantitative PCR, RNA-RNA hybridization) (Reysenbach et al ., 2000b; Longnecker & Reysenbach, 2001; Takai et al., 2001) .
Bacterial diversity
The bacterial phylotypes were primarily affiliated (>90%) with the Epsilon subclass of the Proteobacteria (ε-Proteobacteria) (Fig. 3) . Furthermore, DGGE of 16S rDNA amplified from this and other outer surfaces of chimneys collected at the Edmond vent field confirmed the prevalence of ε-Proteobacteria (data not shown). A single clone (one out of 108) was 99% similar to the thermophilic hydrogen-oxidizing microaerophile, Hydrogenobacter thermolithotrophum. To our knowledge, this is the first time Hydrogenobacter has been identified from a deep-sea hydrothermal environment, although its close relative, a strain of the hydrogen-oxidizing Persephonella marinus, was grown in enrichment cultures from this sample . Among the ε-Proteobacteria, the majority of the sequences (>40%) belonged to two phylotypes (represented by FT17B01 and FT17B03). Sequences from these phylotypes branched with Nautilia lithotrophica, a recent isolate from a deep-sea hydrothermal vent along the East Pacific Rise (13° N) (Miroshnichenko et al., 2002) . This novel organism is a strictly anaerobic, moderately thermophilic, facultative chemolithoautotroph that couples the oxidation of H 2 to the reduction of S°. The majority of the remaining clones (56%) branched with uncultured ε-Proteobacteria identified from biofilms of actively venting hydrothermal vents (Moyer et al., 1995; Reysenbach et al., 2000a) , from deep-sea hydrothermal and non-hydrothermal sediments (Li et al., 1999a,b,c; Teske et al., 2002) , and with sulphide-oxidizing epibionts of the hydrothermal vent annelid Alvinella pompejana (Polz & Cavanaugh, 1995; , and of the vent shrimp Rimicaris exoculata (Cary et al., 1997) . Additionally, a single clone (FT17B100) branched with the sulphur-reducing Sulfurospirilum. This limited diversity is unlike the novel Central Indian Ridge vent scaly snail's microflora, which was much more diverse and included members of the epsilon, delta and gamma proteobacteria (S. Goffredi, personal communication). The growing database from microbial diversity assessments using culture-independent molecular phylogenetic techniques increasingly recognizes the importance of ε-Proteobacteria in deep-sea hydrothermal environments (Haddad et al., 1995; Moyer et al., 1995; Polz & Cavanaugh, 1995a; Cary et al., 1997; Reysenbach et al., 2000b; Corre et al., 2001; Longnecker & Reysenbach, 2001; Alain et al., 2002a; Lopez-Garcia et al., 2002; Teske et al., 2002) . In addition to their presence at deep-sea hydrothermal vents, ε-Proteobacteria have been identified in terrestrial hotsprings, oil fields, activated sludge and marine snow (Snaidr et al., 1997; Hugenholtz et al., 1998; Rath et al., 1998; Gevertz et al., 2000; Watanabe et al., 2000) . All ε-Proteobacteria isolated to date are involved in the sulphur cycle by either reducing elemental sulphur to sulphide or oxidizing sulphide to sulphur, with some bacteria capable of carrying out both reactions (Macy et al., 1986; Schumacher et al., 1992) . In addition to this sulphur metabolism, many ε-Proteobacteria are able to utilize a variety of electron acceptors including oxygen (under microaerophilic conditions), nitrate, several sulphur species, arsenate, selenate, manganese, and Fe(III) (Oremland et al., 1994; Laverman et al., 1995; Finster et al., 1997; Stolz et al., 1999; Alain et al., 2002b; Takai et al., in press ). These thermophilic (facultative) chemolithoautotrophic sulphur-reducing organisms may have the potential to influence and perhaps control fluid/rock chemistry and sulphur cycling in deep-sea hydrothermal environments. They may also play an important role in the development of mineralized microbial mats, which frequently coat actively venting sulphide structures, and of marcasite crusts, which encase the tubes of Paralvinella sp. (Juniper et al., 1992) .
Archaeal diversity
A total of nine unique archaeal 16S rDNA phylotypes were identified by RFLP analysis (and were independently confirmed using DGGE analysis of 16S rRNA genes amplified from subsamples taken of the mineralized crust). These represent four distinct archaeal lineages (Table 1) , of which >90% branched with a group of uncultured Archaea that appear to be endemic to vents (Reysenbach & Shock, 2002) . This group, known as the 'Deep-sea Hydrothermal Vent Euryarchaeotal Group' (DHVEG), has been identified from deep-sea hydrothermal vents and sediments on the Mid-Atlantic Ridge (Reysenbach et al., 2000b) , Juan de Fuca Ridge (Longnecker, 2001) , Okinawa Trough, Izu-Ogasawara arc (Takai & Horikoshi, 1999) , Manus basin (Takai et al., 2001 ) and the East Pacific Rise (Takai & Horikoshi, 1999; Reysenbach et al., 2000b; Longnecker, 2001; Takai et al., 2001) . In addition to identifying phylotypes that are related to the DHVEG, a single clone was most closely related to the hyperthermophilic sulphurreducing heterotrophic Thermococcales frequently isolated from diverse deep-sea vent environments. None of these Archaea was detected in chemolithoautrophic enrichment cultures of this sulphide (under nitrate-reducing, hydrogen-oxidizing, sulphate-reducing, sulphur-reducing and methanogenic conditions) . Furthermore, DGGE of additional sulphide and sediment samples from the Edmond vent field revealed sequences related to methanogens such as Methanocaldococcus and Methanothermus (data not shown), in addition to the DHVEG sequences described above.
The identification of DHVEG 16S rRNA genes from deepsea hydrothermal vents on the Central Indian Ridge expands the known distribution of this phylogenetic lineage. Although currently nothing is known about the physiology of this group of uncultivated organisms, Takai et al. (2001) suggest thermophily for the DHVEG lineage as this group is represented by short branch lengths in phylogenetic trees and has a high G + C content of the 16S rRNA gene. Furthermore, sequences belonging to hyperthermophilic Thermococcales are often obtained from the same samples. The distant phylogenetic association of the DHVEG with the thermophilic, acidophilic Picrophilus and Thermoplasmales (Fig. 4) suggests that thermoacidophiles may occupy certain niches in deepsea hydrothermal vents. As yet, no extreme thermoacidophiles have been isolated from deep-sea hydrothermal vents despite the low pH (<4.5) of end-member hydrothermal fluid (Von Damm, 1995) .
The Thermococcales are some of the most commonly isolated organisms from deep-sea hydrothermal vent environments, although they are not always detected using a phylogenetic approach (Takai & Horikoshi, 1999; Reysenbach et al., 2001) . Our results, which support similar results obtained from numerous deep-sea hydrothermal vent environments (Reysenbach et al., 2000b; Longnecker, 2001; Takai et al., 2001) , suggest that the Thermococcales may represent only a small percentage of the total diversity of many vent communities when compared to organisms such as the ε-Proteobacteria and members of the DHVEG lineage. However, the occurrence of Thermococcales in deep-sea vent environments may be indicative of more established communities. For example, successional changes in the archaeal diversity of growth chambers deployed on vents showed increasing dominance of Thermococcales over time (Reysenbach et al., 2000b , and Thermococcales isolated from low-temperature fluid of diffuse flow areas at deep-sea vents are thought to derive from stable subseafloor environments (Summit & Baross, 2001 ); however, Cowen et al. (2003) found no evidence of Thermococcales from fluid sampled directly from a 300-m-deep overpressurized borehole on the flanks of the Juan de Fuca Ridge.
Furthermore, we have screened for an enzyme of the dissimilatory sulphate reduction pathway, dissimilatory sulphite reductase (EC 1.8.99.3, dsr, Wagner et al., 1998; Klein et al., 2001; Dhillon et al., 2003) to determine the role sulphate reducers might have in active sulphide environments. Although we did not detect any putative sulphate reducers in either of the bacterial and archaeal 16S rDNA assessments, we did detect dsr genes. These were most closely related to the archaeon Archaeoglobus fulgidus dissimilatory sulphite reductase (data not shown). Although very speculative, it is possible that additional analysis or metagenomic analysis of this sample may reveal that these dsr genes are affiliated with the DHVEG group. Interestingly, similar assessment from another deepsea vent site, the Guaymas Basin, where Archaeoglobus was detected in 16S rDNA clone libaries, detected no Archaeoglobales dsr genes (Dhillon et al., 2003) . This points to the care that needs to be taken when interpreting data from microbial assessments using only one gene. Combining both functional and molecular phylogenetic diversity assessments will lead to additional insights into the diversity and metabolic function of microbial communities.
Nevertheless, the development of molecular phylogenetic techniques for assessing microbial diversity has greatly expanded our view of the microbial diversity associated with actively venting sulphide deposits. From diversity studies of sulphides collected from geographically distant hydrothermal sites, some patterns are emerging. For instance, ε-Proteobacteria dominate most structures and are restricted to the outer portions of the sulphides. It is likely these are sulphur oxidizers and reducers. However, owing to their phylogenetic diversity, it is likely that this group of organisms is metabolically diverse and induces different mineralogical and geochemical transformations on the sulphides. Furthermore, the consistent detection of the archaeal DHVEG sequences suggests that this group most likely plays a significant role in the sulphide community structure. With our current microbial census, it is now possible to begin designing experiments to address the effect that the metabolism of these dominant phylotypes might have on the mineralogy of sulphides. Additionally, screening for functional genes will provide further insights in to the metabolic potential of these environments.
